Although the half-value layer (HVL) is one of the important parameters for QA and QC, constant monitoring has not been performed because the measurements using an ionization chamber (IC) are time-consuming and complicated. To solve these problems, the use of radiochromic film (GAFCHROMIC XR TYPE R: GAF-R) with step-shaped aluminum (Al) filters, referred to herein as the simple process method, has been developed. The measurement X-ray tube voltages were 120 kV, 100 kV, and 80 kV. The Al filter area, the full exposure area, and the unexposed area were set on the GAF-R so as to obtain correct data. The HVL was evaluated using the density attenuation ratio. The HVLs obtained using the GAF-R and an IC dosimeter were compared. HVLs with X-ray tube voltages of 120 kV, 100 kV, and 80 kV using the GAF-R were 4.10 mm, 3.55 mm and 2.97 mm, respectively. The difference ratios of the HVLs using the GAF-R and the IC were 1.2%, 7.6%, and 10.0%, respectively. The HVL at 120 kV can be routinely and quickly measured using the simple process method. Therefore, an IC dosimeter is not needed for HVL measurements for QA and QC. However, the HVL measurements of low energy (100 kV and 80 kV) need attention.
Introduction
The half-value layer (HVL) (effective energy) measurement of X-ray beams is one of a number of standard quality assurance (QA) tests and quality control (QC) tests for various X-ray imaging systems 1, 2 . In general, HVLs are measured by means of an ionization-chamber (IC) dosimeter, and this is referred to as the standard method. However, the HVL is not monitored constantly. The main reason for this is the time-consuming nature of the process owing to the number of measurement points. In addition, not all institutions have an IC.
. Therefore, it is used in many radiation measurement techniques. For example, it is used for X-ray measurements and for quality control of diagnostic X-ray equipment. The method uses a sheet roll type phantom and the radiochromic film for dosimetry of computed tomography (CT), enabling the measurement of the three dimensional dose of X-rays in the phantom [5] [6] [7] . In addition, the radiochromic film is beginning to be used for the measurement of slice thickness and helical pitch, as well as X-ray dosimetry, as a component of quality control for CT 8 . On the other hand, institutions can easily make the necessary preparations because radiochromic films are costeffective in comparison with an IC dosimeter 9 . Therefore, we set out to use radiochromic film for HVL measurements, instead of the standard method.
GAFCHROMIC XR type R (GAF-R: International Specialty Products, Wayne, NJ) was used as the radiochromic film. It was decided to use GAF-R film, because it shows only slight energy dependency errors in the diagnostic range in comparison with other radiochromic films 10, 11 . Furthermore, GAF-R has a few other advantages: the film size is large, the scan error is small in comparison with penetration type, and the reflection type is highly sensitive 4, 9 . Another main characteristic of GAF-R film is the calibration curve of absorbed dose versus film density. The calibration curves show a plateau at high doses in the recommended dose range 9 . Therefore, it is logical to consider that the calibration curve shows a straight line in the low range for HVL measurement. In a preliminary experiment, the calibration curve in a low range of 2-12 cGy showed a straight line 12 . It is not necessary for film density to be converted into absorbed dose, because the calibration curve is a straight line in the low dose range for HVL measurements of X-rays in the diagnostic range 9 . Therefore, the HVL can be evaluated using only the ratio of the density distribution of the GAF-R 11 . One of the main characteristics of GAF-R that sets it apart from the IC dosimeter is that it can be used to measure two-dimensional dose distributions, as well as serving as a general X-ray film 5 . On the basis of this characteristic, the HVL may be evaluated easily and quickly using the density distribution and a step-shaped Al filter, in what we refer to as the simple process method. However, there are two non-uniformity problems that must be addressed when using a radiochromic film 13 . First, when image data from the radiochromic film are acquired with a flatbed scanner, there are non-uniformity errors caused by the protective layer of the GAF-R. This noise can be bigger than the actual data, because there is only a small density increase on exposure to X-rays in the diagnostic range. This noise is constant, regardless of X-ray exposure. In the GAF-R film, the non-uniformity errors along the short axis (down-web) and long axis (cross-web) directions are <3% and <5%, respectively 9 . The second problem with the radiochromic film is the irregularity of the active layer. When the thickness of the active layer is uneven, the density may show an increase at a certain position even though the X-ray exposure is uniform. However, the irregularity of the active layer is not apparent, because the active layer of the RF is transparent until the film density increases following exposure to X-rays. Therefore, a data correction is necessary, because the size of this noise is heterogeneous in each region of the sheet.
The purpose of this study is to address two issues associated with the standard method, namely the complex and time-consuming nature of the measurements using the IC dosimeter, and to evaluate the use of radiochromic film in determining the HVL simply, routinely, and quickly and at any time or place.
Material and methods

GAFCHROMIC XR type R (GAF-R) film
GAF-R film is rectangular in shape, measuring 14" u 17" (35.56 cm u 43.18 cm); its specified thickness is 211 μm, and it is yellow in color. When the active component is exposed to radiation, it changes to a dark-blue color. GAF-R is suitable for HVL measurement of X-rays in the diagnostic range, because it is recommended for dosimetry in the diagnostic range. In addition, its energy response character is minimal (within 10%) over the 75150 kVp range 1416 . The sensibility peaks are about 40-50 keV, and it is not a flat, but sensibility is stabilized highly. Therefore, there is little influence of energy dependency on measurements at about 40 keV, as made in this study. A disadvantage of this film is that a period of more than 24 hours is necessary to stabilize the film density after exposure 17 . However, such density stabilization is not necessary for the measurement of HVL, because the HVL is calculated using only the ratio of the densities. Therefore, the analysis time is shortened by scanning immediately after exposure. Additionally, there are non-uniformity errors caused by the coating of the GAF-R film. These errors in the directions of the short axis (down-web) and long axis (cross-web) to the direction of the GAF-R are <3% and <5%, respectively 9 . The non-uniformity error of the down-web is smaller than that of the cross-web, because the down-web is parallel to the long axis direction of the rod used for coating. The GAF-R was kept at room temperature, 2025 qC, in a shaded bag.
HVL measurement of the GAF-R
Step-shaped Al filter A step-shaped Al filter of more than 99.8% purity has been designed (Fig. 1) . The step-shaped Al filter is rectangular in shape, with dimensions of 20 mm u 100 mm, and its thickness increases from 1 mm to 25 mm (the specific thicknesses of the steps are 1, 2, 3, 5, 7.5, 10, 12.5, 15, 20, and 25 mm). The inherent filtration of this X-ray tube was 1.1 mm Al and no further filtration was added.
Exposure parameters for the HVL measurement
HVL measurements were performed by setting the exposure parameters of the X-ray generator (DRX-2924HD, Toshiba Medical, Tochigi) to 120 kV, 250 mA, 4.0 sec (0.4 sec u 10); 100 kV, 250 mA, 5.0 sec (0.5 sec u 10); and 80 kV, 320 mA, 5.0 sec (0.5 sec u 10). The anodecathode direction of the X-ray tube was set perpendicular to a long axis of the GAF-R (down-web direction) to minimise the impact of X-ray heel effect. The Al filter and the shielding lead (Pb) configuration in the exposure field GAF-R of dimensions 20 cm u 25 cm was used. The GAF-R was measured in the down-web direction to minimize the non-uniformity error. The thickness of the aluminum was varied in the long axis direction of the GAF-R.
The exposed GAF-R film is shown in Fig. 2 . A central 100 mm band of the GAF-R was set as the exposure area, and lead masking plates (thickness 2 mm) were placed on either side of the exposure area to create unexposed areas. The step-shaped Al filter was placed in the center of the exposure area. Full exposure area, unexposed area, and step-shaped Al filter area were set in the GAF-R. The full exposure area was used to compensate for a non-uniformity error caused by the active layer of the GAF-R, while the unexposed area was used to compensate for a nonuniformity error caused by protective layer of the yellow polyester.
Geometric arrangement of the HVL measurement materials
The experimental set-up of the exposure method for measuring the HVL is shown in Fig. 3 . The geometric arrangement is based on the Japanese Industrial Standards 2 .
The step-shaped Al filter was placed on an empty paper box. The distance from the X-ray focus to the step-shaped Al filter was set at 500 mm to reduce the influence of diagonally incident X-rays. The distance from the stepshaped Al filter to the GAF-R was also set at 500 mm to reduce the influence of scattered radiation from the stepshaped Al filter. To avoid backscattered radiation from the floor, the distance between the floor and the GAF-R was set at over 500 mm.
Scanning of the GAF-R
The GAF-R was scanned using a flat-bed scanner (EPSON ES-2200, Seiko Epson Co., Nagano) in RGB (48 bit) mode, 100 dpi, with the protection of a film of liquid crystal (LCD-150, Sanwa Supply Inc., Okayama, Japan) for removal of the Moire artifact. The GAF-R was scanned immediately after exposure. The scanner was then covered with shading paper.
Analysis of the GAF-R
The image data of the GAF-R were divided into R, G, and B modes (each 16 bit), and the R mode was used. It was converted to a gray scale and inverted to black and white and was analyzed using Image J version 1.37 image analysis software (National Institute of Health, Maryland). In this study, HVLs for X-ray tube voltages of 120 kV, 100 kV, and 80 kV were measured using 1-15 mm, 1-10 mm, and 1-7.5 mm thicknesses of the step-shaped Al filter, respectively.
The ROI was set at each thickness of the step-shaped Al filter and was sized 700 pixels u 20 pixels. The ROI included a sequence of an unexposed area, a full exposure area, the step-shaped Al filter area, a full exposure area, and an unexposed area (Figs. 2 and 4) . The profile curve was calculated using the density average of a vertical direction in the ROI. Fifty pixels of the central part of each area were extracted from a density profile curve and the mean value was calculated. The full exposure areas and the unexposed areas on the right-and left-hand sides were calculated as average values taking into account non-uniform error compensation in the cross-web direction of the GAF-R. In terms of density, the densities of an exposure area and an unexposed area were set at 100% and 0%, respectively, and the density ratio of the step-shaped Al filter area could then be calculated (Fig. 5) . To minimize the non-uniformity error in the down-web direction, these processes were performed for all thicknesses of the step-shaped Al filter. The attenuation curve for HVL measurement was obtained using the density ratio of each step-shaped Al filter thickness. The HVL was then calculated using the attenuation curve. In addition, the effective energy was obtained from the HVL. The conversion from the HVL to the effective energy was calculated using the recent data of Seltzer and Hubbell at the National Institute of Standards and Technology 18 .
HVL without compensation
To clarify the beneficial effect of compensation on GAF-R analysis, HVL measurement without compensation was investigated. The ROI was set in the down-web direction of the unexposed area, the full exposure area, and the step-shaped Al filter area and was sized 700 pixels 20 pixels. The profile curve was provided only the step-shaped Al filter area, and the unexposed area and the full exposure area calculated mean value in the ROI. In terms of density, the mean value of an exposure area and an unexposed area were set at 100% and 0%, respectively, and the density ratios of the step-shaped Al filter area were calculated using the densities of the dose profile. In this way an attenuation curve was obtained.
Density growth of the GAF-R
A disadvantage of GAF-R is that a period of more than 24 hours is necessary to stabilize the film density after exposure 16 . To shorten the HVL measurement time, the GAF-R was scanned immediately after exposure. Attenuation curves with an X-ray tube voltage of 120 kV obtained by scanning immediately after exposure and 24 hours later were compared to determine the accuracy and reproducibility of scanning just after exposure.
HVL measurement by the standard method using the IC dosimeter HVL measurement using an IC dosimeter (Radcal-1015, 6cm
3 ) was performed in order to compare it with the simple process method using the GAF-R. The exposure parameters were 120 kV, 200 mA, 0.05 sec; 100 kV, 200 mA, 0.05 sec; and 80 kV, 200 mA, 0.1 sec. The thicknesses of the Al filter were 1, 2, 3, 4, 5, 7.5, 10, 12.5, and 15 mm. A normal geometric arrangement of the exposure method for measuring the HVL based on the Japanese Industrial Standards was adopted to minimize the influence of the scattered radiation (similar to Fig. 3 ). Exposure and dose measurements were performed three times for each Al thickness, and averaged dose values were used. The observed dose value (mR) of the IC with the calibrations for temperature and atmospheric pressure were used, because the attenuation curve was calculated using a relative dose value. The temperature calibration was performed automatically by the IC. The HVLs were then calculated using the attenuation curve of the observed dose values at 120 kV, 100 kV and 80 kV. The effective energies were then calculated using the recent data of Seltzer and Hubbell 18 . For ready comparison of the respective data of the simple process method and the standard method, the attenuation curves are provided. The results of the simple process method have been compared with those of the standard method in order to evaluate its applicability. In addition, HVL analysis without compensation was compared with the standard method. Figure 6 shows the extracted central part (50 pixels) profile curves with a tube voltage of 120 kV from the stepshaped Al filter area, the full exposure areas, and the unexposed areas. Positions corresponding to pixels 0-50 (a) and 200-250 (e) were the unexposed areas, positions corresponding to pixels 50-100 (b) and 150-200 (d) were the full exposure areas, and positions corresponding to pixels 100-150 (c) were the Al filter area. The nonuniformity errors in the down-web direction of the full exposure area (active layer) and the unexposed area (yellow polyester layer) were 4.7% and 2.1%, respectively. In addition, non-uniformity errors in the cross-web direction of the exposure area and the unexposed area were 1.4% and 0.4%, respectively. Figure 7 shows the attenuation ratios in the simple process method using the GAF-R at 120 kV, 100 kV, and 80 kV. The HVLs at 120 kV, 100 kV, and 80 kV were 4.10 mm, 3.55 mm, and 2.97 mm, respectively, and the effective energies at these voltages were 38.4 keV, 36.0 keV, and 33.2 keV, respectively. Figure 8 shows the profile curves in the ROI for the Al of thickness 5 mm at 120 kV in the GAF-R, which was scanned immediately after exposure and 24 hours later. A density increase was observed in the exposure area, but not in the unexposed area. Figure 9 shows attenuation curves for scans obtained immediately after exposure and 24 hours later. The determination coefficients of the immediate scan and the 24 hours scan were 0.9992 and 0.9986, respectively. The two attenuation curves are almost superimposable. Table 1 shows the observed dose values (mR) at 120 kV, 100 kV and 80 kV with the calibrations for temperature Figure 10 shows the attenuation ratios in the standard method using the IC at 120 kV, 100 kV, and 80 kV. The HVLs at 120 kV, 100 kV, and 80 kV were 4.05 mm, 3.30 mm, and 2.70 mm, respectively, and the effective energies at these voltages were 38.2 keV, 34.7 keV, and 31.9 keV, respectively.
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Comparison of the simple process method with the standard method Figure 11 shows the attenuation curves obtained by means of the simple process method with GAF-R and by the standard method with an IC dosimeter. Fig. 11 a), b) , and c) correspond to X-ray tube voltages of 120 kV, 100 kV, and 80 kV, respectively. Table 2 shows HVLs and effective energies and Fig. 11 shows determination coefficients of the attenuation curves for 120 kV, 100 kV, and 80 kV obtained using the simple process method and the standard method. The determination coefficients for the attenuation curves for both the simple process method and the standard method were more than 0.99. The difference ratios of the HVLs (effective energies) were 1.2% (0.5%), 7.6% (3.8%), and 10.0% (4.1%), respectively. Figure 12 shows the attenuation curves of density profile for only the step-shaped Al filter area at 120 kV, without compensation. The HVL and the difference ratios for the standard method were 7.5 mm and >85%, respectively.
Discussion
Problem of the attenuation curve at the thicker end of the Al filter
The attenuation curve of the simple process method using the GAF-R showed a lower value at the thicker end of the Al filter as compared to that obtained by the standard method using an IC dosimeter. Three factors may be contributing to this behaviour.
Firstly, there is the influence of the inverse square law of the distance for X-rays. The distances from the X-ray tube focus to the center and to the far side of the GAF-R were 1000 mm and approximately 1005 mm, respectively. Therefore, the exposure dose at the edge was about 99% relative to that at the center, this decrease being due to the attenuation of the X-rays by the inverse square law of distance. However, at the thicker end of the Al filter caused by the inverse square law of distance are only slight, because the ROI of each Al thickness was calculated using the density of a cross-web axis. Additionally, though there is an error due to distance in each ROI, this error is of negligible magnitude compared to the non-uniformity error of the GAF-R. Moreover, this error would not lead to lower values at the thicker end of the Al filter; rather, it would lead to higher values for the thicker steps of the Al filter.
Secondly, X-rays were diagonally incident at the Al filter. A broad X-ray exposure field was needed, because the step-shaped Al filter was 100 mm long. Therefore, the X-rays were diagonally incident at the far side of the stepshaped Al filter. As a result, the measured Al thickness was greater than the true value. However, the error in the Al thickness was only approximately 0.01 mm at a position of 50 mm from the center of the step-shaped Al filter (Al thickness 25 mm). Therefore, it is considered that an error in the Al thickness will have little effect on the measurement of the HVL in this study.
Thirdly, there was the influence of the energy dependence of the GAF-R. The energy response characteristic of the GAF-R is minimal over the 75-150 kVp range. However, the sensitivity of the GAF-R is highest at approximately 50 keV, decreasing at higher energies 14, 15 . Higher energies were provided by the thicker steps of the Al filter. As a result, it is considered that this was responsib le for the error of lower values at the thicker end of the Al filter. Therefore, the second HVL measurement has to be treated with caution, because it is more sensitive to this influence.
The difference ratios of the HVLs (effective energies) using the IC dosimeter and the GAF-R were 1.2% (0.5%), 7.6% (3.8%), and 10.0% (4.1%), respectively. The simple process method of 120 kV can be used to measure the HVL and the effective energy with errors of less than a few %. It is considered that HVL measurement is possible, because the influence of the energy dependence of the GAF-R is small in relation to the first HVL measurement. However, at 100 kV and 80 kV, the HVL and the effective energy are subject to errors of approximately 10% and 5%, respectively. It is considered that the measurement precision has to be less than 5% based on the Japanese Industrial Standards. The effective energy can be evaluated; however, caution should be exercised when dealing with HVL measurements at low energy (100 kV and 80 kV). Therefore, in the effective energy range, it is suggested that this method may be of practical use for QA and QC in all institutions.
Compensation of non-uniformity error in the GAF-R
GAF-R is capable of two-dimensional measurements in the same way as a film dosimeter. Based on this characteristic, it was possible to evaluate the HVL by the simple process method using the step-shaped Al filter. However, the measurements were subject to a nonuniformity error at various areas in the GAF-R sheet. In Figure 13 . Dose profiles over a long axis of the full exposure area, the step-shaped Al filter area, and an unexposed area. particular, one needs to compensate for the non-uniformity error in the down-web direction.
In this study, the non-uniformity errors in the downweb and cross-web directions of the unexposed area were 2.1% and 0.4%, respectively. In addition, the nonuniformity errors in the exposure area were increased, amounting to 4.7% and 1.4% in the down-web and crossweb directions, respectively. These non-uniformity errors matched those of <5% and <3%, respectively, specified by the manufacturer 9 . Figure 12 shows attenuation curves at 120 kV using the density of only the step-shaped Al filter area without compensation. The HVL using the density of the stepshaped Al filter area without compensation was not of practical use, because the differences between the GAF-R and IC measurements were more than 3 mm. It is considered that this was caused by the non-uniformity error of the active layer. Dose profiles over a long axis of the full exposure area (light-gray line), the step-shaped Al filter area (gray line), and an unexposed area (black line) are shown in Figure 13 . The dose (net pixel value) profile curve of the step-shaped Al filter area increased in a staircase pattern. The dose profile curves of the full exposure area (non-uniformity of the active layer and the protection layer) and the unexposed area (non-uniformity of the protection layer) were upward-sloping curves, somewhat influenced by the non-uniformity error. The important point is that the rate of increase of the full exposure area curve was higher than that of the unexposed area curve, because thickness inhomogeneity of the active layer resulted in increased density.
In this study, compensation based on the data for the exposure area, the unexposed area, and the step-shaped Al filter area was applied at all thicknesses of the step-shaped Al filter to take into account the non-uniformity error in the down-web direction. As a result, measurement results of high precision were provided. If there is no compensation, the HVL measurement is not possible. It is considered that the HVL measurement will become easier by improvement and development of the analysis method.
Density growth
Although in measurements of absorbed dose using GAF-R a period of more than 24 hours is required to achieve density stability 9 , the density increase in the exposure area was observed immediately after exposure and 24 hours later. In the present case, the HVL measurement precision was preserved, because the HVL measurement was calculated not with the absorbed dose but with the density ratio. The density stabilization time after X-ray exposure of the GAF-R is therefore unnecessary for the HVL measurement. This characteristic contributes to a shortening of the measurement time by about 24 hours.
Conclusions
The simple process method described herein has two advantages in HVL measurement for the evaluation of effective energy. Firstly, an IC dosimeter is not needed. The effective energy could be evaluated routinely, because it has been measured inexpensively without an IC dosimeter within an error range of less than 5% using only GAF-R. However, caution must be exercised in relation to HVL measurements at low energy (100 kV and 80 kV), because the HVL then has an associated error range of about 10%.
Secondly, the HVL measurement time is greatly shortened. Using the simple process method with GAF-R, measurements can be made in a very short time compared to the standard method with an IC dosimeter. Therefore, evaluation of the effective energy is easier than by the standard method.
In the light of these findings, it is considered that the simple process method with GAF-R offers a facile means of determining HVL for QA and QC at any place or time, without the need for an IC dosimeter.
